Abstract-Advanced monitoring techniques leading to fault diagnosis and prediction of induction machine faults, operating under non-stationary conditions have gained strength because of its considerable influence on the operational continuation of many industrial processes. In case of rotor broken bars, fault detection based on sideband components issued from currents, flux, instantaneous control or power signals under different load conditions, may fail due to the presence of inter-bar currents that reduce the degree of rotor asymmetry, especially for double squirrel cage induction motors. But the produced core vibrations in the axial direction, can be investigated to overcome the limitation of the classical technique using appropriate timefrequency analysis for these purposes. Unlike previous approaches, the presented technique is based on optimized use of the Discrete wavelet transform to overcome the limitation of classical frequency approaches under non-stationary operating conditions. The developed approach is best suited for automotive or high power traction systems, in which safe-operating and availability are mandatory. Experimental results are provided, showing the validity of the investigated technique, leading to an effective diagnosis procedure for incipient rotor broken bars in double or single cage induction machines under dynamic operating conditions.
INTRODUCTION
Investigations on different failure modes in induction motors have revealed that 19% of the overall motor faults are related to the rotor part [1] . A detailed analysis of this type of fault can be found in [2] . They are used for applications that require high starting torque and high efficiency in steady state operation such as crushers, stirrers, or compressors. Double cage rotors are characterized by its large outer (starting) bar resistance and large inner (running) bar leakage inductance. Since double cage motors are used for loaded startups, the outer cage must handle the large starting current for the long acceleration time, with limited path for heat dissipation [3] .
Cyclic electromagnetic forces, thermal stress, environmental stress, and mechanical stress associated with the large starting current, make the outer cage more vulnerable to fatigue failure. Particularly, in case of rotor outer cage broken bar, the current in the rotor bar adjacent to the faulty one increases remarkably in comparison to the nominal current. More specifically, the circulation of inter bar currents reduce the degree of rotor asymmetry, leading to a reduced sensitivity of the related sideband current components Conventionally extracted by FFT-based spectrum analysis techniques. Recently, it was proved that this sensitivity is more reduced for a double cage separate end ring rotor than for a common end ring one [4] [5] . But inter bar currents produce core vibrations, which can be detected using vibration analysis techniques. The situation is more complicated when the frequency components characteristics of the rotor fault are very close to the fundamental one, and specifically under low load operating conditions [6] [7] . In order to discern cases in which the presence of inter bars currents decrease the sensitivity of the MCSA, axial and radial vibrations analysis were investigated in [8] , and more recently for double cage motor in [9] . On the other hand, the rotor current mainly flows in the symmetric inner cage under steady state operating condition, and fault signature is insensitive to outer cage damage. A combined use of current and vibration analysis was developed, by correlating the signal spectra to enhance broken bars detection ability under loaded and unloaded operating conditions of the motor in [10] .
The fault components, issued from current or vibration signals, whose amplitudes must be monitored for diagnostic purposes, were mainly investigated in frequency domain using the classical Fourier Analysis (FA) in order to track its evolutions. The techniques based on FA give satisfactory discrimination between healthy and faulty conditions, but don't provide time domain information, which is mandatory for online fault detection systems. A solution was proposed in [10] to extract accurately the contribution of the fault components related to the rotor broken bar fault, in steadystate condition, by using time-frequency technique based on improved performance of wavelet analysis. Other approaches based on wavelet analysis were proposed for extracting the left sideband component during the start-up transient [5] , while in [12] both the sideband components issued from stator current are investigated during a general speed transient.
In this paper, a new diagnostic index that allows extraction of rotor fault components issued from axial vibration signals, in a single frequency band is defined to improve the fault quantification procedure. A simple sliding frequency procedure in the time domain that processes the vibration signals is proposed. After the Frequency Sliding (FS) process, the contribution of the single fault component of interest is confined in a single frequency band and extracted thereby via DWT.
II. FAULT FREQUENCY PROPAGATION
Double cage induction motor is subjected to electromagnetic and mechanical forces symmetrically repartitioned, like any other rotating electrical machine. In healthy conditions only the fundamental frequency f exists in stator currents.
If the rotor part is damaged, the rotor symmetry of the machine is lost producing a reverse rotating magnetic field related to an inverse sequence component at frequency −sf.
This inverse sequence is reflected on the stator side, producing the frequency (1−2s)f. These frequency components generate electromagnetic and mechanical interactions between stator and rotor parts. Consequently torque and speed ripple effects are generated at frequency 2sf, which modulate the rotating magnetic flux [2] .
This modulation produces two current components, i.e., an additional left-side component at (1−2s)f and a right side component at (1+2s)f. Following this interaction process, the frequency content of the stator currents show series of fault components at the following frequencies ((1±2ks)f)k=1,2,3,…). More specifically, for large or double squirrel-cage motors, as long as the contact impedance between the rotor bars and iron core is small or the copper bars are directly inserted into the laminated iron slots, the broken bar is no longer a physical condition ensuring an open circuit and inter bar or cross-path currents can flow. As a consequence, these inter bar transverse currents interact with the radial stator flux density, generating axial forces. These facts lead mainly to the presence of a first chain of fault frequency components at (fmec±2ksf)k=1,2,3,…, and a second one at ((6-2ks)f)k=1,2,3,…, in radial and axial vibration directions (fmec denotes the mechanical speed of the motor) [7] , [12] . In the next sections, the focus will be exclusively on tracking the most relevant fault components of the harmonic chains((6-2ks)f)k=1,2,3,… and (fmec±2ksf)k=1,2,3,…, issued from axial vibrations, in frequency, and Time-Frequency domains.
III. THE PROPOSED TIME-FREQUENCY TECHNIQUE
The contribution of the above listed chains characteristics of rotor fault conditions, were widely investigated in frequency domain using classical FA in order to track its evolutions. These techniques, reveals only the frequencies content of signals, but don't provide time domain information, which is mandatory for an accurate fault detection process. On the other hand wavelet transform (WT) provides greater resolution in time for high frequency components of a signal and greater resolution in frequency for low frequency components. In this sense, wavelets have a window that automatically adjusts to give the appropriate resolution developed by its approximation and detail signals. Wavelet analysis is signal decomposition, using successive combination of approximation and detail signals. The procedure is repeated until the original signal is decomposed to a pre-defined J level decomposition. With the well known dyadic down sampling procedure, frequency bands of each level of decomposition are related to the sampling frequency. Hence, these bands can't be changed unless a new acquisition with different sampling frequency is made. This fact complicates any fault detection based on DWT, particularly in time-varying condition.
In this paper, an efficient solution to overcome this limitation is proposed. With a sampling frequency fs=2.0kHz, a six level decomposition (J=6) was chosen in order to cover the frequency bands in which we can track the contribution of the first chain of harmonic ((6-2ks)f)k=1,2,3,…. The second chain of fault component (fmec±2ksf)k=1,2,3,…, will be tracked in a frequency band corresponding to seven level decomposition (J=6). The frequency band repartition corresponding to the above decompositions are detailed in Table. I.
Under healthy conditions, the fault components related to the chains ((6-2ks)f)k=1,2,3,… and (fmec±2ksf)k=1,2,3,…, are lower. If the rotor part is damaged, the above rotor fault components increase significantly, and during speed-varying conditions their magnitudes are spread in a large frequency band proportional to the speed. In these conditions, the use of frequency techniques based on FA can leads to erroneous interpretations for diagnosis. In order to sense the contribution of these fault components in time-frequency domain, an optimal use of wavelet analysis is here proposed to detect rotor bar breakage with high precision. A simple processing of the axial vibration signal allows shifting the fault components to a prefixed frequency band. In such a way, all the information related to the fault is isolated and confined in a single frequency band. More in detail, a frequency sliding with fsl is applied at each time slice to the axial vibration signal as in (1), so that the harmonic component of interest is moved to a frequency band, in which the fault components will be tracked.
Then the real part of the shifted signal is analyzed by means of DWT. Hence, with respect to the frequency bands reported in Table I , the chains of fault components ((6-2ks)f)k=1,2,3,… and  (fmec±2ksf)k=1,2,3 
IV. ROTOR BROKEN BAR DETECTION UNDER SPEED-VARYING CONDITIONS
In order to evaluate the performances of the proposed approach, two double cage induction motors are available; one healthy, and the second with a drilled broken bar (the bar was completely disconnected from the common end-ring). The characteristics of the double cage induction motors used for experiments are presented in Table II . A three-phase autotransformer of 30 kVA, 0-380 V is used as motor regulated supply. A four quadrants 7,83 kW dc electrical drive is adopted to reach the different planned load conditions. One piezoelectric accelerometers Brüel & Kjaer model 4507 B 005, was mounted for measuring axial vibrations of the core motors. Fig. 1 . shows detailed photos of the healthy and drilled rotor (left), and details of the test-bed (right). In Fig.2 and Fig.3 instantaneous values of rotor speed and axial vibration signals are depicted for healthy and faulty conditions respectively. All signals reported have been recorded during 20 seconds. The tests were carried out considering a speed transient from 0% to 70% of full load.
A. Frequency domain analysis
In this section, FFT is used to carry out a preliminary study to detect experimentally the contribution of the chain of rotor fault component ((6-2ks)f)k=1,2,3,…. Fig. 4 shows the experimental spectra of the axial vibration signals, under healthy (Black) and rotor broken bar (Blue) conditions. It is clear that the contribution of the fault components related to the chain ((6-2ks)f)k=1,2,3,… is relevant. But being dependent on slip values, under speed varying conditions, the magnitudes of these fault components are spread in a bandwidth proportional to the speed variation, as mentioned in Fig. 4 . Consequently, the use of Fourier transform in these conditions can lead to an erroneous diagnosis.
The same comments are valuable, for the contribution of the chain of rotor fault component (fmec±2ksf)k=1,2,3,…. Fig. 5 show the corresponding spectra under healthy (Black) and rotor broken bar (Blue) conditions. In the frequency band close to the component fmec, the spreading effect is evident for the two sidebands (fmec±2sf). Then, a more appropriate technique is needed for providing a reliable diagnosis procedure. In the next subpart of this section, a simple and effective new technique is proposed, providing reliable information in time-frequency domain about rotor broken bar detectability in double squirrel cage induction motor.
B. Time-Frequency domain analysis
As explained in section III, the chains of fault components ( (6-2ks) In healthy condition, the approximation signal of interest (a6), depicted in Figure 6 -b, shows very low variations. This indicates the absence of the chain of rotor fault component ((6-2ks)f)k=1,2,3 ,… , leading to diagnose the healthy condition of the motor under speed-varying conditions. Under faulty condition, the contribution of the chain of fault components ((6-2ks)f)k=1,2,3,… , observed on the 6 th approximation signal, is very relevant in comparison to the healthy case (Fig. 7-b) . More in detail, the oscillations observed in the signal a6, with quasi-constant amplitude, follow a characteristic pattern that fits the evolution in frequency of the considered chain of fault components. The same observations are valuable for the contribution of the chain of rotor fault component (fmec±2ksf)k=1,2,3 ,…, observed under healthy and faulty conditions, in Fig. 8-b and Fig. 9-b respectively. The variations observed in the approximation signal a7 are evident in faulty case (Fig. 8-b ) in comparison to the healthy one ( Fig.  9-b ), leading to a clear discrimination between healthy and faulty conditions, through the evolution of the wavelet signal a7. It is worth noting that to avoid ambiguous results, the motor must be enough loaded. Anyway, the developed approach is devoted to on-line diagnosis motors, which are mostly enough loaded, making the fault detection procedure more accurate. After the above qualitative analysis of the fault, a quantitative evaluation of the fault extend was conducted in the next section, where results are commented and discussed.
V. QUANTITATIVE ROTOR BROKEN BAR EVALUATION
Once the state of the machine is qualitatively diagnosed, a quantitative evaluation of the fault degree is necessary. For these purposes a dynamic multiresolution mean power indicator mPaj at different resolution levels was introduced as a diagnostic index to quantify the extent of the fault as:
( 1 (2) Where N is the number of samples and j is the level decomposition. In fact, the MRA analysis decomposes the signal in different frequency levels. This choice reduces the feature dimension and consequently the computational time. The fault indicator is periodically calculated (every 400 samples) using a window of 6400 samples as depicted in Figure 1 , where δn=150 samples and Δn=6400 samples.
The n sequences are indexed by a Time Interval Number (TIN). These values were regulated experimentally to reduce variations that can lead to false alarm in healthy operating conditions of the motor. When the fault occurs, the energy distribution of the signal is changed at the resolution levels related to the characteristic frequency bands of the default. Hence, the energy excess confined in the approximation is considered as an anomaly indication in case of rotor faults.
The mean power calculation results, issued from the approximation signal a6, which have been obtained in Figs. 6-b and 7-b, are depicted in Fig. 10 . In healthy condition, the calculated mPa6 indicator don't show any significant changes. Consequently, the indicator values for the healthy motor response are considered as a baseline to set the threshold for discriminating healthy from rotor broken bar conditions. In The above conclusions are valid also for the quantification process related to the contribution of the chain of rotor fault components (fmec±2ksf)k=1,2,3,…, and depicted in Fig. 11 for the healthy and faulty cases. Other fault components could be treated in the same way for improving the quantification process.
VI. CONCLUSIONS
The use of classical motor current signature analysis technique may fail due to the presence of inter bar currents, which reduce the amplitude of the tracked fault components in frequency domain. Vibration analysis may not only detect the existence of inter bar currents under broken bar failure, but also enhance the detectability of this type of fault by considering classical or advanced use of signal processing techniques. For small induction motors, the MCSA diagnostic procedure is still effective as proved in [8] . But, with high power or double cage motor, like the tested one, the use of vibration analysis is mandatory in order to avoid erroneous diagnosis.
The signature issued from axial vibration analysis is relevant, for both chains of rotor fault components ((6-2ks)f)k=1,2,3,…, and (fmec±2ksf)k=1,2,3,…. Under low load operating conditions, the most relevant fault components become very close to the fundamental ones, which complicate the diagnosis procedure for this type of motors. Tracking these fault components in Time-Frequency domain is our main challenge in the future to guaranty a reliable rotor broken bar fault signature in a double cage induction motor.
Eventually, the developed approach based on the use of current and vibration analysis can be extended for diagnosing and classifying other rotor fault types. 
